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Introduction {#s0001}
============

Tumor necrosis factor-α (TNF) is a pro-inflammatory cytokine with diverse biologic functions.[@cit0001] Activation of Toll-like receptors in immune cells has been demonstrated to play a role in the synthesis of various pro-inflammatory cytokines, including TNF. TNF belongs to the family of type II cytokines, and is initially expressed as a 233 aa protein consisting of a 35 amino acid (aa) N-terminal intracellular domain (ICD), a conserved 21 aa sequence that spans the plasma membrane, and a large 177 aa C-terminal extracellular domain.[@cit0003] TNF is synthesized as an ∼25 kDa pro-protein, and, following post-translational modification,[@cit0004] anchors into the plasma membrane as transmembrane TNF (TmTNF). TmTNF is proteolytically processed by TNF-α converting enzyme, TACE, between residues 76Alanine and 77Valine in the extracellular domain, to release the 157 aa (∼15 kDa) soluble TNF cytokine (sTNF).[@cit0003] Cleavage of the residual intramembrane amino acid residues by homologues of signal peptide peptidases, SPPL2a and SPPL2b, releases the ICD of TNF, which is suggested to trigger expression of pro-inflammatory cytokine interleukin (IL)-12 in activated dendritic cells (DCs).[@cit0005] The highly conserved ICD of TmTNF is also implicated in a phenomenon termed 'Reverse' signaling, whereby the membrane-anchored TNF form transduces cellular signals upon binding to anti-TNF antibodies[@cit0007] or to its membrane bound or soluble cognate receptors, such as TNF-R1 and TNF-R2.[@cit0008] TmTNF has been demonstrated to be phosphorylated in the ICD at serine residues in the consensus sequence 2STES5 by casein kinase 1, triggering 'Reverse' signaling in mammalian cells.[@cit0009]

TNF is produced by immune cells such as monocytes/macrophages,[@cit0010] DCs,[@cit0011] T cells,[@cit0012] B cells,[@cit0013] NK cells[@cit0014] and neutrophils,[@cit0015] as well as some non-immune cells such as endothelial cells,[@cit0016] adipocytes,[@cit0017] fibroblasts[@cit0018] and osteoclasts.[@cit0019] The diverse biologic functions of TNF are mediated by binding to, and signaling via, 2 cell surface receptors, TNF-R1 and TNF-R2. TNF-R1 is known to be expressed constitutively on nearly all cell types,[@cit0020] while TNF-R2 is inducibly expressed by cells of the myeloid lineage, peripheral T cells, alveolar macrophages and lymphocytes.[@cit0021] While cellular responses to sTNF are dominated by TNF-R1, TmTNF has been reported to strongly stimulate TNF-R2.[@cit0022] Therefore, the functional outcomes of such interactions may depend upon multiple factors such as the cell types expressing TNF-R1 or TNF-R2, stage of cellular differentiation, rates of pro-TNF synthesis, post-translational modification, and TACE-mediated cleavage of TmTNF to generate sTNF. Thus, the diversity of sTNF/TmTNF effects can be controlled through differential sensitivities of the receptors, resulting in important physiologic outcomes in local or systemic inflammatory responses.

Regardless of the precise understanding of the biologic and pathological roles of the 2 forms of TNF (sTNF and TmTNF), TNF is a clinically validated target. Anti-TNF therapeutics have revolutionized the treatment of many chronic inflammatory diseases, such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), ankylosing spondylitis, and psoriasis. Anti-TNF biologics are structurally classified into 3 types: (1) bi-valent monoclonal antibodies (mAbs), e.g., infliximab, golimumab; (2) engineered TNF-R2-Fc fusion, etanercept, and (3) mono-valent Fab (lacking the Fc and hinge region) of an anti-TNF mAb covalently linked to polyethylene glycol, certolizumab pegol. While all these anti-TNF antagonists bind to and block interactions of sTNF with the 2 TNF receptors equally well and are known to exert potent clinical effects in RA,[@cit0023] not all show equal efficacy in certain diseases, such as Crohn\'s. For example, etanercept did not show efficacy in Crohn\'s disease,[@cit0025] while infliximab was effective for such granulomatous disease.[@cit0026] Despite their success in improving patients\' quality of life, anti-TNF therapeutics may elicit anti-drug antibodies (ADA) in some patients, and ADA may affect both efficacy and pharmacokinetics. Emerging evidence suggests that the differences in clinical outcome of anti-TNF treatment cannot be explained solely by their capacity to neutralize soluble TNF. Other properties of anti-TNFs, such as interactions with TmTNF and FcγR, may also affect efficacy, potentially ADA responses and overall clinical outcomes. Given that TmTNF is expressed on the surface of many cell types, including antigen-presenting cells, and has the capacity to induce a "reverse signal" in response to binding by an anti-TNF antagonist, we hypothesized that this interaction, in a manner similar to a ligand-receptor interaction, could cause the internalization of the TmTNF-bound anti-TNFs into the cell and subsequent processing for antigen presentation to cognate T cells. And as such, this could be a contributing mechanism leading to the development of an ADA response to the biologic.

TNF protein can be present on cell surfaces either as the 26 kDa TmTNF or as the 15 kDa soluble TNF bound to its receptors. The presence of these forms may depend upon the nature and duration of the stimulus, cell type, environmental factors and the methods used to detect surface TNF. Over the past several years, the biology of TmTNF has been studied using biochemical and functional methods. These methods have included transient and stable overexpression of wild type or TACE-resistant mutant forms of the 26 kDa full length TNF,[@cit0001] fluorescence-activated cell sorting (FACS), enzyme-linked immunosorbent assay (ELISA), Western blotting, immunoprecipitation, co-culture of stimulated normal cells, cell lines or TNF transfectants and treatment of cells with inhibitors of metalloproteases such as BB1101 and TAPI-2 to block the processing and shedding of TmTNF.[@cit0027]

Here, we describe the biologic consequences of anti-TNF-TmTNF interaction. We demonstrate the kinetics of TmTNF expression on freshly isolated human monocytes, monocyte-derived macrophages, and DCs using cell surface biotinylation approach. We further demonstrate that binding of anti-TNF to TmTNF on DCs results in rapid internalization of the anti-TNF-TmTNF complex, first entering the endosomes and then the lysosomes. The internalized anti-TNF is processed and its peptides displayed on the surface of DCs, which mount a T cell proliferation response. These observations may provide additional insights into understanding the biology of TmTNF, the potential mechanism of action of anti-TNFs, ADA responses, and may help in the design and development of the next generation of anti-TNF therapeutics.

Results {#s0002}
=======

Kinetics of TmTNF protein expression in human monocytes, monocyte derived macrophages and DCs {#s0002-0001}
---------------------------------------------------------------------------------------------

To study the biology of TmTNF in primary human monocytes, as well as monocyte-derived macrophages and DCs, we first defined biochemically the kinetics of TNF (TmTNF, cytosolic and sTNF) expression profiles following lipopolysaccharide (LPS) stimulation in multiple donors. The kinetics of TNF expression was similar in all donors analyzed; however, the absolute levels of expression varied. The data presented in [Figs. 1](#f0001 f0002){ref-type="fig"} and [2](#f0001 f0002){ref-type="fig"} are from monocytes, monocyte-derived macrophages and DCs obtained from a single donor. Monocytes from human peripheral blood mononuclear cells (PBMCs) and monocyte-derived macrophages and DCs were stimulated with LPS in the presence or absence of TAPI-2 (for details, see Materials & Methods). For biochemical analysis of TmTNF, extracellular domains of all cell surface proteins were labeled with a cell-impermeable biotin analog. Biotinylated cell surface proteins were enriched on immobilized streptavidin-agarose beads and subjected to immunoblot analysis using anti-TNF IgG. Among the cell surface proteins, and in comparison to untreated cells, LPS activation of monocytes and monocyte-derived macrophages ([Fig. 1A, 1B](#f0001){ref-type="fig"}) and DCs ([Fig. 2A, 2B](#f0002){ref-type="fig"}) induced a robust expression of an ∼25 kDa anti-TNF reactive protein. The absence of the cytoplasmic protein GAPDH in the cell surface biotinylated proteins enriched by streptavidin precipitation demonstrates that cytosolic proteins were not biotinylated by the surface biotinylation protocol ([Fig. 1A, 1B](#f0001){ref-type="fig"}; [Fig. 2A, 2B](#f0002){ref-type="fig"}). The results show that in monocytes, monocyte-derived macrophages, and DCs, TmTNF and cytosolic TNF can be detected by these methods for up to 6 h post LPS stimulation, and during this time soluble TNF continues to accumulate in the cell culture supernatant ([Fig. 1C, 1D](#f0001){ref-type="fig"}; [Fig. 2C](#f0002){ref-type="fig"}). In addition, treatment of monocytes and monocyte-derived macrophages and DCs with TAPI-2, a TACE inhibitor, enhances cell surface TmTNF detection and reduces sTNF accumulation in the supernatant ([Figs. 1](#f0001 f0002){ref-type="fig"} and [2](#f0001 f0002){ref-type="fig"}). We have repeatedly observed that, although monocyte-derived macrophages produce copious amounts of sTNF, low levels of TmTNF are detected in these cells in the absence of TAPI-2 treatment. This observation suggests that macrophages may efficiently process TmTNF. Figure 1.Kinetics of TNF expression in human monocytes and macrophages post LPS treatment. Human CD14+ monocytes (A) or day 7 human CD14+ monocyte-derived macrophages (B) were either untreated or treated with LPS in the presence or absence of TACE inhibitor, TAPI-2, for the indicated periods of time. Cell surface proteins were labeled with cell-impermeable Sulfo-NHS-SS-biotin. Biotinylated surface proteins were precipitated with streptavidin-conjugated agarose beads. Cell surface biotinylated and total proteins were subjected to immunoblotting using anti-TNF IgG. Na, K-ATPase and GAPDH protein expressions were used as total protein loading and cell surface biotinylation controls. Cell-free culture supernatants from monocytes (C) and macrophages (D) as treated in (A) and (B), respectively, were assayed for the presence of soluble TNF (sTNF) by ELISA. Figure 2.Kinetics of TNF expression in monocyte-derived dendritic cells post LPS treatment. Day 5 human CD14+ monocyte-derived DCs were either untreated or treated with LPS in the absence (A) or presence (B) of 20 μM TACE inhibitor, TAPI-2, for the indicated periods of time. Cell surface proteins were labeled with cell-impermeable Sulfo-NHS-SS-biotin. Biotinylated surface proteins were precipitated with streptavidin-conjugated agarose beads. Cell surface biotinylated and total proteins were subjected to immunoblotting using anti-TNF IgG. Cadherins and GAPDH protein expressions were used as total protein and cell surface biotinylation loading controls. Cell-free culture supernatants of DCs as treated in (A) and (B) above were assayed for the presence of soluble TNF (sTNF) (C) by ELISA.

In addition, and as expected, the data in [Fig. 2B](#f0002){ref-type="fig"} clearly demonstrates that TAPI-2 treatment of DCs enhanced the expression of ∼25 TmTNF protein on the cell surface and simultaneously reduced production, and hence, accumulation of sTNF in the supernatant ([Fig. 2C](#f0002){ref-type="fig"}). Interestingly, in the presence of LPS and TAPI-2 we also detected a 15 kDa 'cleaved' TNF being biotinylated by the cell impermeable biotin analog ([Fig. 2B](#f0002){ref-type="fig"}). This 15 kDa 'cleaved' form of TNF was not observed in surface biotinylated proteins in the absence of TAPI-2 ([Fig. 1A, 1B](#f0001){ref-type="fig"}; [Fig. 2A](#f0002){ref-type="fig"}). This observation suggests that perhaps in the presence of TAPI-2, 1 or 2 TNF monomers of the membrane anchored TNF trimer may be cleaved by TACE but remain attached to the membrane anchored un-cleaved component of the TNF trimer, and therefore may not be released into the supernatant. Collectively, data in [Figs. 1](#f0001 f0002){ref-type="fig"}and [2](#f0001 f0002){ref-type="fig"} confirm that in monocytes, monocyte-derived macrophages, and DCs, TmTNF transiently anchors in the membrane and is cleaved by TACE to release sTNF in the culture supernatant.

Binding of anti-TNFs to TmTNF on DCs results in internalization of anti-TNF/TmTNF complex {#s0002-0002}
-----------------------------------------------------------------------------------------

Endocytosis involves the internalization of transmembrane protein receptors and their extracellular ligands into cytoplasmic vesicles that are pinched off from the plasma membrane. The receptor-ligand (R-L) complexes are internalized by multiple mechanisms.[@cit0029] Internalization and intracellular trafficking are complex processes that require a well-orchestrated array of signaling cascades and cytoskeletal re-organization.[@cit0030] Internalized proteins can be either re-cycled to the surface or delivered to intracellular vesicles such as endosomes and lysosomes, where in the presence of hydrolytic enzymes or low pH, proteins are degraded and their peptides displayed on the surfaces of cells.[@cit0031] As TmTNF may serve as a receptor,[@cit0032] and as DCs are efficient antigen-presenting cells,[@cit0031] we hypothesized that binding of anti-TNF to TmTNF could result in internalization and delivery of anti-TNF to various antigen processing compartment(s) of DCs.

To assess cellular uptake of antibodies, we used pHrodo dye-conjugated anti-TNF mAbs, which do not fluoresce at neutral pH (outside the cell), but their fluorescence dramatically increases as pH decreases from neutral to acidic in intracellular vesicles like endosomes and lysosomes. Also, the fluorescence emitted by the pHrodo red dye is directly proportional to the drop in pH.[@cit0033] To determine whether anti-TNF/TmTNF complexes are internalized, we treated DCs with LPS for 2 h to induce TmTNF, in the absence of TAPI-2, followed by incubating the cells with pH-sensitive pHrodo red dye-conjugated anti-TNF mAb. Internalization of the conjugated anti-TNF was monitored using fluorescence microscopy. The pHrodo-conjugated anti-TNF (stained red) could be seen in vesicle-like structures inside the cell, surrounded by the plasma membrane (stained green using anti-HLA class I IgG) in LPS-treated DCs ([Fig. 3A](#f0003){ref-type="fig"}). We were unable to detect such fluorescence in untreated, control DCs (data not shown). Furthermore, in contrast to LPS-treated DCs incubated with pHrodo-conjugated isotype control human IgG1, greater than 90% of LPS-treated DCs incubated with pHrodo-conjugated anti-TNF were positive for pHrodo fluorescence emission as assessed by FACS ([Fig. 3B](#f0003){ref-type="fig"}). The observed intensity of wavelength emission suggested that the conjugated anti-TNF must be localized in low pH (acidic) compartments. To rule out any nonspecific uptake of anti-TNF, we assessed by FACS the uptake of pHrodo-conjugated isotype control human IgG1 or pHrodo-conjugated anti-TNF in either untreated control DCs or DCs treated with LPS for 2 h to induce TmTNF expression. We observed significantly higher uptake of pHrodo-conjugated anti-TNF mAb in DCs treated with LPS for 2 h compared with the uptake of pHrodo-conjugated isotype control human IgG1 or anti-TNF mAb in control, untreated DCs ([Fig. 3C](#f0003){ref-type="fig"}). These data demonstrate TmTNF-mediated internalization of anti-TNF mAb in DCs. Figure 3.TmTNF-dependent endocytosis of anti-TNFs in dendritic cells. (A) Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h, incubated with pHrodo-conjugated anti-TNF and cellular uptake of labeled anti-TNF was monitored. Plasma membrane was stained using anti-MHC class I IgG (green), the nucleus (blue), and the internalized pHrodo-anti-TNF (red) were visualized using Amnis imaging flow cytometry. (B) Day 5 human DCs were treated with LPS for 2 h and cells were incubated either in the presence of pHrodo-conjugated matched isotype control IgG (red dotted histogram) or pHrodo-conjugated anti-TNF (blue filled histogram). Cellular uptake of the labeled antibodies was monitored for up to 4 h using flow cytometry. (C) To measure the kinetics of endocytosis of anti-TNF into acidic compartments in DCs, cells were either untreated (No LPS) or treated with LPS for 2 h. Cells were incubated with either human IgG1-pHrodo or anti-TNF-pHrodo antibodies. Endocytosis of the internalized anti-TNF was measured as an increase in fluorescence intensity by flow cytometry for up to 4 h.

Next, we determined if TmTNF-mediated internalization (endocytosis) of anti-TNF is associated with recruitment of any adaptor proteins on the ICD of TmTNF. To this end, TmTNF expression was induced in 2 h LPS-treated DCs and cells treated either with human IgG1 isotype control or with an anti-TNF antibodies for 5 min at 37°C. TmTNF/anti-TNF complexes were enriched on Protein A-agarose affinity column and subjected to peptide analysis using liquid chromatography-mass spectrometry (LC-MS)/MS. We were unable to detect any TNF peptides in TmTNF-expressing DCs incubated with isotype control human IgG1. In contrast, anti-TNF enriched immune-complexes revealed the presence of peptide sequences corresponding to TNF, as well as various proteins known to be involved in receptor-mediated endocytosis of ligands (myosin 1G, β tubulin, myosin 1D, IQGAP1; data not shown), along with peptides from clathrin heavy chain ([Fig. 4A](#f0004){ref-type="fig"}). To verify a direct association of clathrin heavy chain with TmTNF, we subjected the immune complexes from the above experiment to immunoblotting using either anti-TNF or anti-clathrin heavy chain antibodies. We observed TmTNF-associated clathrin heavy chain from immune-complexes purified from DCs treated with LPS and anti-TNF, and were unable to detect either TmTNF or clathrin heavy chain in LPS-treated DCs incubated with human IgG1 control isotype antibody ([Fig. 4B](#f0004){ref-type="fig"}). Furthermore, to determine if endocytosis of TmTNF/anti-TNF was dependent on its association with clathrin, we used Dyngo 4a, a dynamin inhibitor known to inhibit clathrin-mediated endocytosis of various receptor-ligand complexes.[@cit0034] LPS-treated, TmTNF-expressing DCs were either untreated or treated with 5 μM Dyngo 4a and endocytosis of pHrodo-conjugated anti-TNF mAb was monitored using FACS. We observed significantly higher uptake of anti-TNF in DCs in the absence of Dyngo 4a, whereas Dyngo 4a was sufficient to abolish TmTNF/anti-TNF internalization ([Fig. 4C](#f0004){ref-type="fig"}). These data clearly demonstrate that in DCs expressing TmTNF, endocytosis of TmTNF/anti-TNF complex was dependent on clathrin. Figure 4.Clathrin-dependent endocytosis of anti-TNFs in dendritic cells. (A) *Identification of anti-TNF/TmTNF-associated proteins*: Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h and incubated either with isotype matched human IgG1 or with anti-TNF for 5 min at 37°C. Peptide sequences corresponding to TNF or clathrin heavy chain from anti-TNF immunoprecipitated proteins were identified by LC-MS/MS. (B) *Identification of anti-TNF/TmTNF-associated clathrin heavy chain*: Immunoprecipitated proteins and total cell extracts from DCs as treated in (A) above were subjected to immunoblotting using anti-clathrin heavy chain or anti-TNF antibodies. IP: Immunoprecipitation. (C) *Effect of clathrin inhibitor on endocytosis of anti-TNF*: Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h either in the absence (Medium) or presence of a 5 μM clathrin inhibitor, Dyngo 4a. Endocytosis of the internalized anti-TNF was measured as an increase in fluorescence intensity by flow cytometry for up to 4 h.

Internalized TmTNF-anti-TNF complex undergoes vesicular trafficking, processing, and anti-TNF peptides can be eluted from the cell surface of DCs {#s0002-0003}
-------------------------------------------------------------------------------------------------------------------------------------------------

To further understand intracellular compartmentalization/trafficking of the TmTNF/anti-TNF complexes, we performed a pulse-chase (time course) confocal microscopy study using Alexa 488-conjugated humanized anti-TNF mAb. Specific intracellular vesicles were identified by staining cells either with anti-EEA1 (early endosome marker) or anti-LAMP1 (lysosomal marker). These studies ([Fig. 5A](#f0005){ref-type="fig"}) demonstrated that early after addition (up to 25 minutes) of anti-TNF mAb to 2 h LPS-treated, TmTNF-expressing DCs, the anti-TNF (green fluorescence) migrates from the cell surface into vesicles that stained with anti-EEA1 (early endosomes; red fluorescence), but not with anti-LAMP1 stained compartments (lysosomes; red fluorescence). However, with time (35--45 minutes), the anti-TNF co-localizes significantly with anti-LAMP1 stained compartment, but not with anti-EEA1 stained vesicles ([Fig. 5A](#f0005){ref-type="fig"}). Following about 1 h, the anti-TNF signal could not be detected either on the cell surface or inside the cells. Such observations suggested to us that TmTNF-mediated internalized anti-TNF may not re-cycle back to the cell surface, and at least traffics through early endosomes to lysosomes, where perhaps it is degraded and therefore cannot be detected. Figure 5.TmTNF-dependent vesicular trafficking of humanized anti-TNFs and detection of cell surface anti-TNF peptides in dendritic cells. (A) Compartmentalization of anti-TNF: Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h and the cells 'pulsed' on ice using Alexa 488-conjugated anti-TNF (0 min, ice). The fluorescent label on the anti-TNF was 'chased' for up to 1 h at 37°C. Endosomes and lysosomes were stained with Alexa 647-conjuated anti-EEA1 and anti-LAMP1, respectively. Nucleus was stained with DAPI. Images were acquired using confocal microscopy. (B) Identification of cell surface-associated anti-TNF peptides: Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h and incubated with either an anti-TNF mAb or a DVD-Ig containing one anti-TNF domain for 6 h. Cell surface displayed peptides were eluted under mild acidic conditions and the identity of anti-TNF peptides was obtained using LC-MS/MS. (C) Identification of HLA-DR-associated anti-TNF peptides: Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h and incubated with anti-TNF for up to 8 h. HLA-DR was immunoprecipitated and the identity of HLA-DR-associated anti-TNF peptides was obtained using LC-MS/MS (underlined: linker peptide sequence of anti-TNF DVD-Ig).

To determine the fate of internalized anti-TNFs, we stimulated DCs for 2 h with LPS to induce the expression of TmTNF, followed by incubation with either a humanized anti-TNF mAb or a humanized dual-variable-domain (DVD)-Ig molecule containing anti-TNF domains for 6 h. The DVD-Ig molecule, a tetravalent dual specific antibody format, contains 2 variable domains (VDs) on each Fab linked in tandem by a linker[@cit0036] and is bivalent for each specified target. The DVD-Ig used in this study contained one set of anti-TNF binding domain and a second set of VDs that recognized a second target, anti-IL-17. The 2 VDs (anti-TNF and anti-17 on each Fab) of this DVD-Ig molecule were linked together by a 14 aa GS linker. Both, the humanized anti-TNF mAb and the humanized anti-TNF DVD-Ig had similar potency for TNF ([Table 1](#t0001){ref-type="table"}). DCs treated with anti-TNFs were washed with mild acid to elute the surface displayed peptides and subjected to LC-MS/MS for peptide identification. LC-MS/MS analysis identified peptides of humanized anti-TNF molecules ([Fig. 5B](#f0005){ref-type="fig"}). These data supports the notion that internalized anti-TNF biologics are degraded and processed perhaps in the lysosomes and their peptides can be eluted from the surface of DCs. Table 1.Use of various anti-TNF antibodies in the current study.Anti-TNFSEC Profile (% Monomer)FACS BindingTNF Neutralization (L929 assay)Cellular UptakeAnti-TNF-1[^\*^](#t1fn0001){ref-type="fn"}100+0.06 nM+Anti-TNF-2[^\*\*^](#t1fn0002){ref-type="fn"}94+0.05 nM+Anti-TNF-3[^\*\*^](#t1fn0002){ref-type="fn"}95+0.01 nM+Anti-TNF-4[^\*\*^](#t1fn0002){ref-type="fn"}96+0.015 nM+DVD-Ig[^\*\*^](#t1fn0002){ref-type="fn"}98+0.03 nM+[^5][^6]

To further establish that the peptides eluted from the surface of humanized anti-TNF mAb-treated DCs were associated with HLA-DR molecules, we treated LPS-stimulated DCs expressing TmTNF with humanized anti-TNF mAb as above and HLA-DR protein was immunoprecipitated as described in Materials & Methods. HLA-DR bound peptides were subjected to LC-MS/MS analysis. The analysis identified the same peptide that we had identified in our surface elution analysis, along with some additional peptides ([Fig. 5C](#f0005){ref-type="fig"}). Interestingly, some peptides from the cell surface of DVD-Ig-treated DCs were from the linker region with/without flanking sequences that matched the amino acid sequence of the VDs in the DVDIg molecule ([Fig. 5C](#f0005){ref-type="fig"}, underlined peptide sequences). Taken together our data demonstrates that the humanized anti-TNF internalized by TmTNF-expressing DCs are processed and loaded on to HLA-DR for antigen presentation. However, it should be noted that not all peptides presented within the context of HLA-DR are immunogenic, as some mAb-derived peptides may in fact be tolerogenic.[@cit0037]

TmTNF-dependent uptake of anti-TNF conjugated tetanus toxin peptides are processed and presented to T cells by DCs {#s0002-0004}
------------------------------------------------------------------------------------------------------------------

To determine if anti-TNF-fused peptides can be presented on the surface of DCs and can initiate an immune response, we fused 2 tetanus toxin (TT) peptides[@cit0038] at the C-terminal heavy chains of a humanized anti-TNF (anti-TNF-TT fusion IgG; [Fig. 6A](#f0006){ref-type="fig"}). Addition of TT peptides to the humanized anti-TNF mAb did not interfere with their ability to potently neutralize sTNF in the L929 apoptotic assay ([Fig. 6B](#f0006){ref-type="fig"}). Two h LPS-treated, TmTNF-expressing DCs were either left untreated or incubated in the presence of recombinant TT or anti-TNF-TT fusion proteins (anti-TNF-S1 or anti-TNF-S2). T cell proliferation assay was performed by incubating anti-TNF-TT treated cells with autologous T cells. As expected, compared with untreated DCs, the proliferation of T cells significantly increased when they were co-cultured with recombinant TT-pulsed DCs ([Fig. 6C](#f0006){ref-type="fig"}). Furthermore, TmTNF-expressing DCs that had been treated with anti-TNF-S1 or anti-TNF-S2 antibodies showed further increase in proliferated T cells compared with untreated or TT-treated DCs ([Fig. 6C](#f0006){ref-type="fig"}). Proliferation of both CD4+ and CD8+ T cells was observed along with IL-2/interferon γ production (data not shown). These results demonstrate TmTNF-dependent cellular trafficking of anti-TNF to proteolytic compartments (i.e., lysosomes), their efficient proteolysis, and sufficient display of peptides on the surface of DCs to initiate a T cell recall immune response by PBMCs of individuals who had been previously exposed to TT, and hence possessed TT-specific memory T cells. Figure 6.TmTNF-dependent uptake of humanized anti-TNF mAb and generation of a memory T cell recall response by dendritic cells. (A) *Scheme of generating anti-TNF-TT fusion IgGs*: Sequence of tetanus toxin (TT) peptides (S1 or S2) were fused to the C-terminus of the heavy chains of an anti-TNF to obtain anti-TNF-S1 or anti-TNF-S2 antibodies. (B) *Testing the potency of anti-TNF-TT fusion IgGs*: The potency of the parental anti-TNF and anti-TT-fusion IgGs (anti-TNF-S1 and anti-TNF-S2) to neutralize soluble TNF were tested using the L929 assay. (C) *Measuring T cell recall response in DCs*: Day 5 human CD14+ monocyte-derived DCs were treated with LPS for 2 h and incubated either with tetanus toxin (TT antigen), anti-TNF-S1 or anti-TNF-S2. DCs were co-cultured with CFSE-labeled autologous T cells, and T cell proliferation assessed using flow cytometry.

Discussion {#s0003}
==========

Here, we describe some biologic consequences of anti-TNF mAb/TmTNF interaction. We show for the first time that interaction of anti-TNF mAbs with TmTNF on DCs results in rapid endocytosis of the anti-TNF/TmTNF complex, resulting in lysosomal delivery and degradation of anti-TNF. Peptides from anti-TNF molecules can be eluted from the surface of DCs, and may be processed and presented by DCs to initiate a T cell immune (recall) response. These observations may provide additional insights into the biology of TmTNF, the mechanism of action of anti-TNFs, the biology of antibodies to anti-TNF antagonists (immunogenicity of anti-TNF antagonists) observed in some patients, and may help in the design of a next generation of anti-TNFs with greater efficacy and reduced (or no) immunogenicity.

The biology of TNF is complex. TNF exists as soluble and membrane forms and both forms are known to interact with 2 receptors, TNF-R1 and TNF-R2, each with distinct signaling pathways and biologic outcome.[@cit0039] Although the 2 forms of TNF can interact with both receptors, it is believed that TNFR1 and TNFR2 may preferentially interact with soluble TNF and membrane TNF, respectively.[@cit0022] TNF biology, and in particular anti-TNF/membrane TNF interactions, is additionally complicated by the fact that the membrane form of TNF can also exist in 2 forms, either as membrane-anchored transmembrane TNF (TmTNF; ∼25 kDa) or as TACE-cleaved soluble TNF bound to its cognate cell surface receptors[@cit0040] (mTNF; 15 kDa). MAbs and etanercept (Enbrel®) can bind TmTNF,[@cit0041] but some mAbs and etanercept may not be able to bind the mTNF. In addition, the biologic consequences of an anti-TNF/TmTNF and anti-TNF/mTNF interaction may be quite distinct. In the former case, the biologic consequences are a result of signaling through TmTNF ("reverse" signaling) and in the latter case the consequences may be a result of signaling through the TNF receptors (R1 or R2) to which the mTNF is bound. The fate of the anti-TNF bound to either TmTNF or mTNF would then be determined by if and how anti-TNF/TmTNF and anti-TNF/mTNF/TNFR1 or TNFR2 complexes are taken up by the cells (endocytosis) and their subsequent intracellular trafficking pathways of re-cycling or degradation (discussed below).

To study the consequences of anti-TNF interactions with TmTNF, we took a systematic approach to first define the kinetics of TmTNF expression in freshly isolated human monocytes, monocyte-derived macrophages, and DCs. Using the surface biotinylation method, only TmTNF was detected early after LPS stimulation (2--6 h post stimulation) ([Figs. 1, 2,](#f0001 f0002){ref-type="fig"} in the absence of TAPI-2), but mTNF could not be detected. However, using a surface biotinylation approach we detected mTNF on monocytes treated with LPS for 24 h (data not shown). The presence of 15 kDa, TACE-cleaved form of mTNF was detected on the surface of DCs, but only in the presence of TAPI 2, and the potential reasons for this are discussed above (Results section). Therefore, to study the consequences of anti-TNF mAb interaction with TmTNF, we performed studies, as reported here, using 2--4 h LPS-treated DCs in the absence of TAPI-2, a time point when only TmTNF was expressed on the surface of DCs.

To communicate with the external environment and maintain cellular and tissue homeostasis, cells utilize multiple endocytosis pathways to bring external signals inside the cell through receptor-ligand (R-L) interactions. Such R-L interactions induce receptor clustering on the cell membrane, which may depend upon receptor density, ligand concentration, ligand binding properties, and may require a certain amount of time on the surface for internalization (endocytosis) machinery to assemble, e.g., clathrin-coated pit/vesicle formation, cytoskeletal reorganization and recruitment of adaptor proteins.[@cit0030] These initial events in the R-L interactions determine the fate of the R-L complexes inside the cells, i.e., whether the internalized ligand will be re-cycled back to the surface or be degraded in the lysosomes.[@cit0030] The data presented in [Figs. 3](#f0003 f0005){ref-type="fig"} and [5](#f0003 f0005){ref-type="fig"} clearly demonstrates that the anti-TNF/TmTNF complex is rapidly endocytosed. The anti-TNF internalization is highly dependent upon the expression of TmTNF, as no non-specific uptake of either isotype control human IgG1 by LPS stimulated or untreated control DCs was observed ([Fig. 3C](#f0003){ref-type="fig"}). Only minimal uptake of anti-TNF was observed by control, untreated DCs. At this time we do not know if these non-LPS-stimulated DCs that had been cultured for 5 d in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-4 expressed minute levels of TmTNF protein that could not be detected by the cell surface biotinylation method we used. However, no TACE-cleaved TNF could be detected in the culture supernatants of such cells by ELISA.

As endocytosis is associated with cytoskeletal changes and recruitment of cytoskeletal/adaptor proteins, we attempted to determine if we could identify, with the anti-TNF mAb, any TmTNF-associated proteins at a given time point. As expected, we identified not only several TNF peptides, but also peptides representing clathrin heavy chain and several other structural/cytoskeletal proteins that may be associated with the anti-TNF/TmTNF endocytosis machinery.[@cit0029] Because we detected clathrin heavy chain peptides in the anti-TNF precipitation of TmTNF-expressing DCs, we wanted to determine if Dyngo 4a, a compound reported to inhibit clathrin-mediated endocytosis, would block TmTNF-mediated internalization of anti-TNF mAb. Indeed, Dyngo 4a treatment of LPS stimulated, TmTNF-expressing DCs almost completely inhibited TmTNF-mediated endocytosis of anti-TNF mAbs. Collectively, our results in [Fig. 4](#f0004){ref-type="fig"} demonstrate that anti-TNF internalization is an active, TmTNF-dependent process.

Internalized R-L complexes, after trafficking through various intracellular compartments can either be re-cycled back to the surface or undergo degradation, in particular in the lysosomes.[@cit0042] The fate of the internalized complexes, in particular the antibody/receptor complexes, is determined by multiple factors, including structural features of the antibody, the biology of the target receptor and the nature of the antibody/receptor interaction. It is well known that a large proportion of circulating antibodies are taken up by cells non-specifically, and, following interaction with the neonatal Fc receptor (FcRn) at low pH in the endosomes, are re-cycled back into circulation. However, if the antibody molecule fails to interact with FcRn in a productive manner, the antibody molecule follows the degradation pathway in the lysosomes.[@cit0043] In the case of antibodies that are internalized upon binding to their cell surface targets, the fate of the antibody molecule is determined by the biology of the target receptor and the nature of antibody/target interaction.[@cit0044] For example, certain receptors re-cycle efficiently and, if the antibody remains bound to the target at low pH in the endosomes, it may re-cycle back to the surface with the receptor.[@cit0045] In other instances, certain receptors upon internalization deliver their cargo (including an antibody) directly to the lysosomes for degradation.[@cit0031] To understand if TmTNF-mediated internalized anti-TNF mAb follows the re-cycling or the degradation pathway, we first studied the kinetics of intracellular trafficking of Alexa-488-conjugated humanized anti-TNF mAb using confocal microscopy. Under these experimental conditions (described in Material & Methods), we observed that following the initial clustering of the humanized anti-TNF mAb on the cell surface, it is internalized into early endosomes (as assessed by EEA 1 staining), rapidly transits to lysosomes (as assessed by LAMP 1 staining) and then cannot be detected. These observations suggest that TmTNF-mediated internalized anti-TNF mAbs may not re-cycle, but rather are delivered rapidly to the lysosomes, where they are degraded. These properties of the antibody-target interactions (i.e., internalization, rapid transit to and degradation of the antibody in lysosomes) are desired features for antibody-drug conjugate (ADC) therapeutics, and as such our data suggests that an anti-TNF ADC could form the basis for the next generation of anti-TNF therapeutics with enhanced efficacy and reduced immunogenicity.

It is well known that peptides from proteins degraded in various intracellular compartments can be presented on the cell surface within the context of antigen-presenting molecules (i.e., HLA in humans and MHC in mice). Therefore, we used the method of cell surface peptide elution under mild acidic conditions[@cit0040] to determine if we can detect humanized anti-TNF derived peptides from the surface of DCs. As described above (Material & Method and Results sections) we were able to identify peptides from mild acid eluates of the DC surface that matched the sequences of our humanized anti-TNF molecule, in particular specific peptides from the humanized DVD-Ig G4S linker region. As the G4S linker is believed to be an "inert" non-immunogenic sequence and is commonly used as a linker peptide in making bi- and multi- specific biologics and other fusion proteins, further studies are required to determine if the high frequency of processed G4S-derived peptides detected in our experiments reflects a property of this sequence, the context within which this linker is placed, or some specific property of the TmTNF intracellular trafficking. At this time we do not know if these G4S-sequence containing peptides or any other anti-TNF-derived peptides are immunogenic.

DCs are professional antigen processing and presenting cells. It is well established that targeting specific receptors on DCs with an antibody to which specific antigenic peptides are fused can initiate specific immune responses to the fused peptides.[@cit0031] To determine if the TmTNF-mediated internalization and proteolytic processing of anti-TNF results in presentation of fused peptides by DCs to initiate a specific T cell (recall) response, we fused known immunogenic TT-derived peptides to a humanized anti-TNF molecule. The TT peptide fused humanized anti-TNF mAbs maintained their functional potency. When co-cultured with DCs treated with TT peptide fused humanized anti-TNF, autologous T cells (from pre-screened donors) that respond to TT peptides induced proliferation of T-cells (a recall response). These data demonstrate that TmTNF-mediated internalized anti-TNF mAb is proteolytically processed and the fused TT peptides can be productively presented by DCs to T cells. Our data may have implications in understanding why some patients treated with anti-TNF antagonists develop an anti-drug antibody (ADA) response. Multiple factors determine an ADA response.[@cit0047] Although antigen processing and presentation is a critical requirement to initiate an immune response, not all peptides presented by antigen-presenting cells are immunogenic or can initiate an immune response. In fact, some mAb-derived peptides may be tolerogenic.[@cit0037] The data presented in this study showing that anti-TNF/TmTNF complexes are rapidly internalized and that the endocytosed anti-TNF is rapidly delivered to the lysosomes, processed and anti-TNF peptides presented by DCs suggest that the fate of biologic therapeutics may be determined by the target biology, in this case TmTNF. Our data suggest TmTNF may possess intrinsic features that increase the chances of ADA development. Therefore, the rate of TNF synthesis, the levels of TmTNF expression and the cell types making TmTNF may all be critical factors determining the level and intensity of ADA development under inflammatory conditions in which co-stimulatory signals are available.

The data presented herein regarding TmTNF-dependent internalization, intracellular trafficking and eventually degradation of anti-TNF mAbs may have implications in further understanding the mechanism of action of anti-TNF therapeutic agents. Several potential mechanisms have been proposed to account for the remarkable efficacy and safety profiles of anti-TNFs. These mechanisms include: 1) blocking interactions of both sTNF and TmTNF with their receptors, R1 and R2;[@cit0048] 2) elimination of membrane TNF (both sTNF bound to its receptors and membrane anchored TmTNF) -expressing T cells by antibody-dependent cell-mediated cytotoxicity or complement-dependent cytotoxicity via Fc-effector functions;[@cit0049] 3) generation of regulatory macrophages and T regulatory (T~reg~) cells upon interaction with mTNF.[@cit0050] In addition to these mechanisms, our data suggest an additional mechanism that may also play a role in determining overall efficacy of anti-TNF molecules, i.e., rapid internalization and degradation of TmTNF. Internalization and degradation of this complex may have several implications. First, reduced TmTNF availability for cleavage by TACE, thereby reducing sTNF release. Second, lack of TACE cleavage due to TmTNF internalization may prevent further cleavage of transmembrane domain of TmTNF by SPPL2a/SPPL2b, and thereby generation of the ICD that has been suggested to induce IL-12 production.[@cit0005] Third, reduced availability of TmTNF may reduce potential pro-inflammatory signals through R2 or R1. Fourth, receptor internalization (endocytosis) and intracellular signaling may be linked events.[@cit0030] In this regard, we have observed that interaction of anti-TNF mAb with TmTNF on DCs generates a "reverse" signal that may modulate production of additional pro-inflammatory mediators, including TNF production, suggesting a negative feedback loop (data not shown). Studies are in progress to further understand the interaction/relationship between anti-TNF/TmTNF complex internalization and "reverse" signaling events and if the interaction of TmTNF with cell surface TNF R1/R2 also results in TmTNF internalization and "reverse" signal. Answers to these questions will enhance our understanding of TmTNF biology and experiments are underway to address these questions.

As summarized in [Fig. 7](#f0007){ref-type="fig"}, in this study we demonstrated that anti-TNF molecules are actively internalized upon binding to TmTNF on monocyte-derived DCs and rapidly enter the lysosomes where they are degraded. Anti-TNF peptides can be eluted from the surface of DCs and are presented to T cells to initiate a recall response. Although not all displayed peptides are immunogenic, the observations presented here may provide additional insights into the biology of TmTNF, the mechanism of action of anti-TNFs, the biology of antibodies to TNF antagonists (immunogenicity of TNF antagonists) observed in some patients, and may help in the design of next generation of anti-TNFs with greater efficacy and reduced (or no) immunogenicity, such as anti-TNF drug conjugates. Figure 7.Schematic overview of the fate of TmTNF-bound anti-TNF. Binding of anti-TNF to cell surface expressed TmTNF (1) results in transducing intracellular 'Reverse' signal (2) and formation of a clathrin-coated pit (3) resulting in endocytosis of the complex into the endosomes (4) followed by delivery of the complex to the phagolysosome compartment (5) where proteolytically processed anti-TNF peptides are loaded onto HLA-DR and subsequently displayed as HLA-DR-associated peptides on the cell surface (6).

Materials & methods {#s0004}
===================

Anti-TNFs tested {#s0004-0001}
----------------

[Table 1](#t0001){ref-type="table"} lists the anti-TNF antibodies tested in the current study. These antibodies (either fully human or humanized IgG1 isotype) were expressed in human embryonic kidney (HEK)293 cells by transient transfections and purified using Protein-A affinity chromatography at AbbVie. Biophysical characteristics of the purified antibodies were analyzed using size exclusion chromatography (SEC) and all the listed antibodies were found to be greater than 94% monomer. The antibodies were found to have almost similar, sub-nM affinities, in their capacity to neutralize soluble TNF as assessed using the L929 assay[@cit0052] and cellular uptake of pHRodo-conjugated mAbs as assessed by FACS. A dual variable domain Ig (DVD-Ig) molecule containing 2 TNF binding variable domains and 2 IL17 binding variable domains, and hence bivalent for TNF, with similar potency to the above mentioned anti-TNF mAbs, was also tested. The description of the DVD-Ig format is described in detail elsewhere.[@cit0036]

Isolation of monocytes and their differentiation to macrophages and dendritic cells {#s0004-0002}
-----------------------------------------------------------------------------------

PBMCs were isolated from healthy donors by density gradient centrifugation over Ficoll-Paque[@cit0053] (GE Healthcare). Monocytes were isolated from PBMCs by positive selection using CD14 microbeads and a magnetic cell separator as per the manufacturer\'s instructions (MACS, Miltenyi Biotec). The purity of the isolated monocytes was greater than 98% as determined by flow cytometry. Monocytes were cultured in cell growth medium (RPMI1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM [L]{.smallcaps}-glutamine, 100 μg/ml penicillin and streptomycin) at a density of 1 × 10^6^ cells/ml at 37°C in humidified incubator with 5% CO~2~. Macrophages were generated by culturing 1 × 10^6^/ml CD14+ monocytes in cell growth medium containing 100 ng/ml of recombinant human GM-CSF (AbbVie) and 2% heat-inactivated human AB serum (Invitrogen) for 7 days[@cit0054] and were found to be larger in size compared with monocytes and were firmly attached to the tissue culture vessel. DCs were generated by culturing 1 × 10^6^ cells/ml CD14+ monocytes in cell growth medium containing 100 ng/ml of recombinant human GM-CSF (AbbVie) and 5 ng/ml of human IL-4 (R&D Systems) for 5 d. To induce TNF, monocytes, macrophages and DCs were stimulated with the indicated concentrations of LPS (*E. coli* and *S. typhimurium*, Sigma) for the indicated periods of time, either in the presence or absence of 20 μM TAPI-2 (Sigma), a potent inhibitor of matrix metalloproteinases, including TACE.[@cit0027]

Cell surface biotinylation {#s0004-0003}
--------------------------

Cell surface biotinylation of proteins was performed as described.[@cit0056] Briefly, after the indicated treatments, cells (3 × 10^6^) were washed twice with ice-cold PBS-CM (phosphate-buffered saline (PBS) containing 1 mM CaCl~2~ and 1 mM MgCl~2~). Cell surface proteins were derivatized twice using 1 mg/ml cell-impermeable EZ-Link-Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) in PBS-CM on ice for 30 min protected from light with gentle agitation. Excess biotin was quenched by incubating the cells for 10 min on ice in 50 mM NH~4~Cl in PBS-CM. Cells were washed twice with PBS-CM and total proteins extracted in 150 μl lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% n-octyl-β-D-glucoside, 1% Triton X-100, protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF)) on ice for 45 min and centrifuged at 14,000 x g for 10 min at 4°C. Clarified supernatant was transferred to a fresh micro-centrifuge tube on ice and total proteins estimated by BCA protein assay reagent (Thermo Fisher Scientific). To enrich cell surface biotinylated proteins, 25--75 μg total proteins in 500 μl lysis buffer were mixed constantly at 4°C overnight with 50 μl streptavidin-conjugated agarose beads (Thermo Fisher Scientific). Agarose beads were collected by centrifugation at 2,500 x g and sequentially washed twice (15 min between each wash) by suspending in 1 ml ice-cold lysis buffer, twice (15 min between each wash) in 1 ml ice-cold 500 mM NaCl, and once in 1 ml 50 mM Tris-HCl, pH 8. Streptavidin-agarose bound, cell surface biotinylated proteins, along with 5--15 μg total proteins in a separate tube, were suspended in SDS-PAGE sample buffer containing 62.5 mM Tris-HCl pH 6.8, 2% SDS, 4 M urea, 5% β-mercaptoethanol containing 10% glycerol. Proteins were separated on 4--20% Novex Tris-Glycine SDS-PAGE (Invitrogen) using 1X gel running buffer (Invitrogen), and transferred onto a 0.2 μm nitrocellulose membrane (Bio-Rad) for 1 h using 1X gel transfer buffer (Invitrogen). The nitrocellulose membrane was incubated in 5% non-fat dry milk in TBS-T (25 mM Tris-HCl, 150 mM NaCl, pH 7.5, containing 0.2% Tween-20) for 30 min at room temperature with gentle agitation, washed once in TBS-T for 5 min at room temperature and incubated overnight with gentle agitation at 4°C with the indicated primary antibodies (anti-TNF (BAF210, Lot ST2813011)) from R&D Systems; anti-GAPDH (2118, Lot 8), anti-Pan-cadherin (4073, Lot 1) and anti-Na, K-ATPase (3010, Lot 4) from Cell Signaling Technology). The membrane was washed twice for 15 min each with TBS-T with vigorous agitation at room temperature and incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary IgG (NIF824, Lot 9564802 and NIF825, Lot 6000560 from GE Healthcare) in 5% non-fat dry milk in TBS-T for 45 min at room temperature with gentle agitation. The membrane was washed as above, and subjected to ECL or ECL Prime Western blotting analysis systems (GE Healthcare).

Antibody internalization assays {#s0004-0004}
-------------------------------

To determine if anti-TNF molecules bound to TmTNF are internalized into specific intracellular compartments, we conducted a series of experiments using either pHrodo- or Alexa 488-conjugated anti-TNF antibodies. pHrodo dye-conjugated antibodies are non-fluorescent outside the cell, but their fluorescence dramatically increases as pH decreases from neutral to acidic, as in intracellular vesicles like endosomes and lysosomes, making such dyes ideal tools to study endocytosis of pHrodo-conjugated antibodies.[@cit0057] Since pHrodo-conjugated probes show pH-dependent fluorescence activation,[@cit0033] conjugation of anti-TNF antibodies using pHrodo red dye or Alexa 488 was performed as per the manufacturer\'s protocol (Invitrogen). Cell surface expression of TmTNF was induced by treating DCs for 2 h with LPS at 37° C and the cells extensively washed using ice-cold growth medium to remove soluble TNF generated in the supernatants. Cells were incubated on ice in ice-cold medium supplemented with 2% human AB serum for 15 min to prevent processing of TmTNF to soluble TNF and to block cell surface Fc receptors. Cells were centrifuged under cold conditions and were further incubated on ice for 1 h either with ice-cold pHrodo-conjugated isotype matched control antibody or with pHrodo-conjugated anti-TNF in 2% human AB serum to specifically label cell surface TmTNF and prevent its cellular uptake. Cells were washed twice with ice-cold cell growth medium to remove unbound antibody and transferred to 37°C in growth medium containing 2% human AB serum for up to 4 h to determine kinetics of pHrodo accumulation in the intracellular acidic compartments. To observe distinct intracellular vesicles from the plasma membrane, cells were stained with Alexa 488-conjugated anti-MHC class I antibody (Biolegend). Accumulated fluorescence was recorded either by flow cytometry (BD Fortessa) or fluorescence microscopy (Amnis Imaging Flow Cytometers, EMD Millipore).

To precisely determine intracellular trafficking of TmTNF-bound anti-TNF antibody to either early endosome or lysosome, we performed immunocytochemistry by incubating DCs treated with 1 μg/ml LPS for 2 h to induce TmTNF expression. Cells were washed and incubated on ice for 1 h with Alexa 488-conjugated anti-TNF IgG in ice-cold cell growth medium supplemented with 2% human AB serum to block cell surface Fc receptors and to specifically label cell surface TmTNF and restrict its cellular uptake. After washing cells to remove excess antibody, cells were transferred to 37°C for up to 1 h to directly visualize the trafficking and cellular distribution of the labeled anti-TNF at various time points. Cells were fixed at room temperature using 4% para-formaldehyde for 15 min and permeabilized (PBS containing 0.3% Triton X-100 and 10% donkey serum) for 30 min at room temperature. Early endosomes or lysosomes were stained using rabbit anti-EEA1 (3288, Lot 7 from Cell Signaling Technology; 1:200) or rabbit anti-LAMP1 (9091, Lot 4 from Cell Signaling Technology; 1:200) antibodies, respectively, in antibody dilution buffer (PBS containing 0.1% Triton X-100, 1% BSA and 5% donkey serum). Cells were further stained for 45 min at room temperature using Alexa 647-conjugated anti-rabbit IgG (711--605--152, Lot 110488 from Jackson ImmunoResearch; 1:600 in antibody dilution buffer). Nucleus was stained with Nuce blue or DAPI (Invitrogen) and images acquired by confocal microscopy (Laica TCS SP5).

Identification of TmTNF-associated proteins {#s0004-0005}
-------------------------------------------

To identify TmTNF-associated proteins, DCs (10 × 10^6^) were treated with LPS for 2 h at 37°C to induce cell surface expression of TmTNF. Cells were washed and incubated for 10 min in growth medium containing 5% heat-inactivated human AB serum followed by addition of either human IgG1 (15 μg/ml) or anti-TNF (15 μg/ml) antibodies at 37°C for the indicated period of time. Cells were washed twice using ice-cold PBS and total proteins extracted using cell lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% n-octyl-β-D-glucoside, 1% Triton X-100, protease inhibitor cocktail and 1 mM PMSF) on ice for 45 min. Samples were centrifuged at 14,000 x g for 10 min at 4°C and clarified supernatant transferred to a fresh micro-centrifuge tube on ice. To enrich immune complexes, total proteins in 0.5 ml lysis buffer were mixed end-over-end for 1 h at 4°C by adding 50 μl Protein A-conjugated agarose beads (Cell Signaling Technologies). Agarose beads were collected by centrifugation at 2,500 x g and sequentially washed twice (15 min each) by suspending in 1 ml ice-cold lysis buffer and twice (15 min each) in 1 ml ice-cold PBS. Proteins were eluted from the beads using 100 mM glycine-HCl, pH 2.8.

The success of affinity purified TmTNF was verified by Western immunoblotting using anti-TNF antibody (R&D systems; BAF210). Remaining samples were subjected to high resolution sequencing mass spectrometry (LC-MS/MS) for identification of TmTNF-associated proteins. 30 μL of the immunoprecipitation eluates were combined with 10 μL of 4x non-reducing LDS-PAGE sample buffer and heated at 80°C for 10 min before loading onto 1.5 mm Bis-Tris 4--12% gradient gels (Invitrogen). Gel electrophoresis was conducted using non-reducing MES running buffer for one hour, followed by staining in Sypro Ruby. Using a Safe Imager™ 2.0 transilluminator (Invitrogen, Carlsbad, CA) to visualize the protein staining, each sample lane was cut into 48 equal pieces using a clean scalpel and the segments were added column-wise to a 96-well conical-bottom polypropylene plate. The plates were placed on a holder held at 50°C throughout the in-gel proteolysis process. The gel pieces were first washed and de-stained by adding 50 μL of 100 mM ammonium bicarbonate and incubating for 10 min before removing and discarding the wash. This washing process was repeated an additional 2 times, before washing once in 50 μL of acetonitrile for 5 min. The gel pieces were allowed to dry for 10 min after the removal of acetonitrile. Reduction and alkylation of the proteins was accomplished through addition of 50 μL of freshly prepared 10 mM dithiothreitol in 100 mM ammonium bicarbonate for 30 min followed by the addition of 50 μL of freshly prepared 55 mM iodoacetamide in 100 mM ammonium bicarbonate for 20 min. An additional 100 μL of acetonitrile was added for 5 min after reduction and alkylation, before removing and discarding the liquid. The samples were further washed in 50 μL of 100 mM ammonium bicarbonate for 10 min, followed by 3 sequential washes in 50 μL of acetonitrile, each lasting 5 min. The gel pieces were allowed to dehydrate for 20 min on the hot plate. Once dried, 25 μL of 6 ng/μL sequencing grade modified trypsin reconstituted in 50 mM ammonium bicarbonate was added to each sample. The plates were covered and allowed to incubate for 3 h at 50°C. After proteolysis was completed, 30 μL of extraction buffer was added (50:50 formic acid:acetonitrile), the plates re-covered and further incubated for 30 min at 50°C. The solution was collected and transferred to a hard shell 96-well thin wall PCR receiving plate and stored at 4°C. A second extraction was conducted using 15 μL of extraction buffer supplemented with an additional 10 μL of acetonitrile. After 30 min incubation at 50°C, the liquid was combined with the first extraction in the receiving plate. The sample plates were lyophilized and the samples reconstituted in 10 μL of 5% acetonitrile and 0.1% formic acid in nanopure water. The plates were briefly centrifuged before injection onto the mass spectrometer.

For LC-MS/MS analysis, samples were injected onto a 15 cm capillary column (I.D. 75 μm, O.D. 360 μm, tip size 15 μm) packed with Halo-Hilic resin (2.7 μm particle size, 90 Å pore size). The peptides were eluted using a Waters NanoAcquity in a 35 min linear gradient (15 to 35% acetonitrile in 0.1% formic acid) at 0.25 μL/min. The eluent was directed into a LTQ-Velos Orbitrap Pro mass spectrometer. Data-dependent scans were collected in the Orbitrap with tandem mass spectra collected in the ion trap. LC-MS/MS data files were searched using Mascot Daemon v.2.2 (Matrix Science, Boston, MA) against the NCBI nr mammalian database (version update on August 7th, 2012). Search parameters included 2+ to 3+ charge states, 2 missed cleavages, oxidized methionine variable modification and mass errors of + 20 ppm for intact spectra and + 0.8 Da for tandem mass spectra. Search results were compiled in Scaffold v.2.0 (Proteome Software, Portland, OR) and exported to Microsoft Excel. Gene identifications were assigned using in-house software with ambiguous protein entries subjected to BLAST searching against the human SWISS-PROT database. All keratin, trypsin and immunoglobulin proteins were eliminated from the data sets as exogenously introduced contaminants.[@cit0058]

Identification of TmTNF-associated clathrin heavy chain {#s0004-0006}
-------------------------------------------------------

To identify TmTNF-associated heavy chain of clathrin, DCs (3 × 10^6^) were treated with LPS for 2 h at 37°C to induce cell surface expression of TmTNF. Cells were washed and incubated for 10 min in growth medium containing 5% heat-inactivated human AB serum followed by addition of either human IgG1 (15 μg/ml) or anti-TNF (15 μg/ml) antibodies at 37°C for 5 min. Cells were washed twice using ice-cold PBS and total proteins extracted using cell lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% n-octyl-β-D-glucoside, 1% Triton X-100, protease inhibitor cocktail and 1 mM PMSF) on ice for 45 min. Samples were centrifuged at 14,000 x g for 10 min at 4°C and clarified supernatant transferred to a fresh micro-centrifuge tube on ice. To enrich immune complexes, total proteins in 0.5 ml lysis buffer were mixed end-over-end for 1 h at 4°C by adding 50 μl Protein A-conjugated agarose beads (Cell Signaling Technologies). Agarose beads were collected by centrifugation at 2,500 x g and sequentially washed twice (15 min each) by suspending in 1 ml ice-cold lysis buffer and twice (15 min each) in 1 ml ice-cold PBS. Proteins were subjected to SDS-PAGE chromatography followed by Western immunoblotting using either anti-TNF (R&D Systems; BAF210) or anti-clathrin heavy chain antibody (ab21679, Lot GR264025--1 from Abcam).

Cell Surface-associated anti-TNF Peptide Isolation {#s0004-0007}
--------------------------------------------------

### Mild acid elution {#s0004-0007-0001}

Cell surface-associated peptides were isolated using mild acidic conditions as described with some modifications.[@cit0040] Briefly, DCs (∼6--8 × 10^6^) were treated with LPS for 2 h at 37°C to induce cell surface expression of TmTNF. Cells were washed and incubated with anti-TNFs in cell growth medium at 37°C for 6--8 h. Cells were washed twice using ice-cold PBS. Cell surface associated peptides were eluted by incubating cells in ice-cold acid elution buffer (100 mM glycine, pH 2.8 containing 150 mM NaCl) on ice for 5 min, and the step repeated once. Pooled cell surface eluates were neutralized using 1/10 (v/v) 1 M Tris-HCl, pH 8 and subjected to LC-MS/MS for anti-TNF peptide identification using high resolution sequencing mass spectrometry.

### Immunoprecipitation of HLA-DR {#s0004-0007-0002}

HLA class II (HLA-DR)-associated peptides were isolated as described previously with some modifications.[@cit0059] Briefly, DCs (∼8--10 × 10^6^) were treated with LPS for 2 h at 37°C to induce cell surface expression of TmTNF. Cells were washed and incubated with anti-TNFs in cell growth medium at 37°C for up to 8 h. Cells were washed twice using ice-cold PBS and total proteins extracted using cell lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% n-Octyl-β-D-glucoside, 1% Triton X-100, protease inhibitor cocktail and 1 mM PMSF) on ice for 45 min. Samples were centrifuged at 14,000 x g for 10 min at 4°C. Clarified supernatant was transferred to a fresh micro-centrifuge tube on ice and total proteins estimated using the BCA protein assay reagent (Thermo Fisher Scientific). To enrich HLA class II protein, 500--1000 μg total proteins in 1 ml lysis buffer were mixed end-over-end overnight at 4°C with 20 μg mouse anti-human HLA-DR IgG (Biolegend). The next day, immune complexes were enriched by adding 50 μl Protein G-conjugated agarose beads (Cell Signaling Technologies) and the sample mixed with constant shaking for 2 h at 4°C. Agarose beads were collected by centrifugation at 2,500 x g and sequentially washed twice (15 min each) by suspending in 1 ml ice-cold lysis buffer and twice (15 min each) in 1 ml ice-cold PBS. Proteins were eluted from the beads using 0.2% trifluoroacetic acid. The success of affinity purified HLA-DR was verified by Western immunoblotting using rabbit anti-human HLA-DR antibody (ab92511, Lot GR2651--7 from Abcam). Remaining samples were subjected to centrifugation using 10 kDa cut-off spin columns (EMD Millipore) and the flow-through subjected to high resolution sequencing mass spectrometry (LC-MS/MS) for identification of anti-TNF peptides.

Anti-TNF peptide detection by LC-MS/MS {#s0004-0008}
--------------------------------------

Cell surface peptides obtained from DCs, as mentioned above, were subjected to peptide identification using capillary LC-MS system, which consists of an UPLC (Acquity UPLC system, Waters) coupled to LTQ-Orbitrap velos mass spectrometer (Thermo Fisher, Rockford, IL). The column used was C18 reversed-phase column (Waters, BEH, 1 × 50 mm i.d., 1.7 µm particle size). Forty µL of sample was loaded at 98% mobile phase A (0.1% FA in Milli-Q water) and 2% mobile phase B (0.1% FA in acetonitrile), after 5 min, peptides were eluted using gradient as follows: 2% mobile phase B to 20% mobile phase B in 60 min, 20% mobile phase B to 35% mobile phase B in 20 min, 98% mobile phase B for 5 min, 2% mobile phase B for 10 min for equilibration. The flow rate was set at 50 µL/min and column oven temperature was set at 60°C. The mass spectrometer was operated in positive ion mode with a scan range from m/z 400 to 2000 with 60,000 resolution at m/z 400. Peptide fragmentation was achieved using collision-induced dissociation (CID) for the top 10 most intense parent ions. Automated gain control (AGC) values for MS and MS/MS were 1E6 and 5E4, respectively. Ion spray voltage was set at 4500 V and the source temperature was set at ambient.

To identify the peptides from anti-TNF antibody or DVD molecule, the resulting mass spectrometry raw data was searched against antibody sequence using proteome discoverer with the enzyme specificity set as "no enzyme.\" The mass tolerance for MS was 10 ppm, and MS/MS was 0.2 Da. The positive hits from database search were manually validated. Alternatively, the raw data was searched against human protein peptide sequence database using Mascot™ (Matrix science) or PEAKS™ (Bioinformatics Solutions).

Generation of anti-TNF-TT fusion peptide antibodies {#s0004-0009}
---------------------------------------------------

We chose the following 2 peptide sequences from different regions of the tetanus toxin protein[@cit0060] to be fused to the C-terminus of the heavy chain of an anti-TNF antibody:

S1 Peptide Sequence: 580-NSVDDALINSTKIYSYFPSV-599

S2 Peptide Sequence: 919-NGKAIHLVNNESSEVIVHKAMDI-941

gBlock gene fragments encoding the above peptide sequences of the tetanus toxin were synthesized (IDT) containing the 5′ and 3′-overlapping sequences of the parental plasmid, AB436VH (pHybE-hIgG1,z,non-a, Abbvie). The nucleotide sequences encoding the respective S1 and S2 peptides are underlined below:

S1 Peptide Encoding Nucleotide Sequence:

(caaccactacacgcagaagagcctctccctgtctccgggtaaa[aacagcgtggacgacgccctgatcaacagcaccaagatctacagctacttccccagcgtgtga]{.ul}gcggccgctcgaggccggcaaggccggatcccccgacctcgacct)

S2 Peptide Encoding Nucleotide Sequence (ccactacacgcagaagagcctctccctgtctccgggtaaa[aacggcaaggccatccacctggtgaacaacgagagcagcgaggtgatcgtgcacaaggccatggacatctga]{.ul}gcggccgctcgaggccggcaaggccggatcccccgacctcga)

AB436VH containing plasmid DNA (pHybE-hIgG1, z, non-a) was digested using NotI (NEB) and purified by Qiaquick PCR purification kit (Qiagen). gBlock fragments were inserted into the linear plasmid by homologous recombination in competent DH5α *E. coli* (Invitrogen). Proteins were expressed by transfecting the respective plasmids encoding the heavy chain (AB436VH-S1, -S2, encoding nucleotide sequences) and light chain (AB436VL) in HEK293--6E cells (ATCC) using polyethyleneimine (PEI).[@cit0061] Seven days later, TT-fusion mAbs were purified using Protein A chromatography (GE Healthcare) and dialyzed against PBS. All antibodies were confirmed to be less than 10% aggregates by SEC (AbbVie).

L929 cytotoxic assay {#s0004-0010}
--------------------

To ascertain the neutralizing efficacy of anti-TNF-TT fusion antibodies compared with the parental anti-TNF, we performed L929 assay as described previously.[@cit0052] Briefly, murine L929 fibrosarcoma cells in log phase were harvested by trypsinization, washed and suspended in cell growth medium (RPMI containing 10% FBS, 2 mM [L]{.smallcaps}-glutamine, 1% Na-pyruvate, 1% non-essential amino acids, 0.1% β-mercaptoethanol and 1% Pen/Strep). Cells were counted and plated in triplicate in 50 μl cell growth medium supplemented with 2 μg/ml actinomycin D (Sigma) in 96-well tissue culture plates at cell density of 1 × 10^6^ cells/ml at 37°C in humidified 5% CO~2~ incubator. Beginning at 10 nM, 1:3 serial dilutions of anti-TNF antibodies to be tested, and 100 pg/ml recombinant human TNF were performed separately in cell growth medium, mixed and incubated at room temperature for 1 h. 50 μl of the above dilutions of anti-TNF:TNF were added to the wells containing L929 cells to yield a final concentration of 1 μg/ml actinomycin D per well, along with appropriate positive (containing TNF alone) and negative (without TNF) controls. Cells were incubated for ∼18 h at 37°C in humidified 5% CO~2~ atmosphere. Freshly prepared cell proliferation detection reagent, WST-1 (Roche), was added to each well to evaluate cell viability and the cells further incubated at 37°C in humidified 5% CO~2~ atmosphere for 4 h. Absorbance was recorded using Spectramax plate reader (Molecular Devices) at 420--600 nm for spectrophotometric quantification of cell viability. A nonlinear regression curve was generated by plotting the antibody concentrations on a logarithmic scale on the x-axis and the OD on the y-axis.

T cell proliferation assay {#s0004-0011}
--------------------------

DCs were generated from CD14+ monocytes from PBMCs of healthy human donors which had been immunized with tetanus toxoid and were stimulated with 250 ng/ml of Salmonella typhimurium LPS for 2 h at 37°C to induce the expression of TmTNF. DCs were either treated with TT (20 μg/ml) or TT peptides (S1 or S2) conjugated anti-TNF antibodies (anti-TNF-S1 or anti-TNF-S2; 20 μg/ml each) and incubated in cell growth medium at 37°C for an additional 6 h. Autologous T cells were purified from PBMCs of the same donor from which monocytes were obtained to generate DCs using a pan T cell isolation kit (Miltenyi), and labeled with 2.5 μM CFSE (Invitrogen). DCs were washed twice after antibody pulsing and cultured with autologous T cells at a ratio of 1:50 for up to 7 d. T cell proliferation was assessed by using flow cytometry. The percentage of live T cells that had undergone cell division was determined by gating on DAPI-negative CD3+ cells, and assessing the fraction that showed diminished CFSE fluorescence intensity.[@cit0062]
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